The aim of this work was to study the dependence of image quality in digital chest and pelvis radiography on tube voltage, and to explore correlations between clinical and physical measures of image quality. The effect on image quality of tube voltage in these two examinations was assessed using two methods. The first method relies on radiologists' observations of images of an anthropomorphic phantom, and the second method was based on computer modeling of the imaging system using an anthropomorphic voxel phantom. The tube voltage was varied within a broad range ͑50-150 kV͒, including those values typically used with screen-film radiography. The tube charge was altered so that the same effective dose was achieved for each projection. Two x-ray units were employed using a computed radiography ͑CR͒ image detector with standard tube filtration and antiscatter device. Clinical image quality was assessed by a group of radiologists using a visual grading analysis ͑VGA͒ technique based on the revised CEC image criteria. Physical image quality was derived from a Monte Carlo computer model in terms of the signal-to-noise ratio, SNR, of anatomical structures corresponding to the image criteria. Both the VGAS ͑visual grading analysis score͒ and SNR decrease with increasing tube voltage in both chest PA and pelvis AP examinations, indicating superior performance if lower tube voltages are employed. Hence, a positive correlation between clinical and physical measures of image quality was found. The pros and cons of using lower tube voltages with CR digital radiography than typically used in analog screen-film radiography are discussed, as well as the relevance of using VGAS and quantum-noise SNR as measures of image quality in pelvis and chest radiography.
I. INTRODUCTION
Since the use of digital techniques in radiographic imaging is rapidly growing, it is important to assess and review the exposure settings, for example the tube voltage, used to obtain the images. The tube voltage is one of the independent variables that can be readily altered prior to exposure of each patient and view. The selection of appropriate tube voltage in analog, screen-film radiology is a balance between the appropriate image quality in all relevant parts of the image and of patient dose. In digital radiography, the contrast can be manipulated in the display of the image and the patient dose is not determined by properly exposing the film but by achieving an acceptable signal-to-noise ratio ͑SNR͒ in the image.
Here, optimization means searching for the tube voltage that maximizes the quantities corresponding to image quality, and at the same time maintaining an acceptable dose level to the patient. Methods to assess the patient dose are readily available, whereas methods to assess clinical image quality are still developing. Image quality must always be related to the clinical questions at hand. As these may vary it has been argued that image criteria, 1 which describe features that characterize good clinical images, may be used to assess the overall quality of the image. By asking a group of experi-enced radiologists to give a graded response of the quality of the criteria with respect to a specific anatomical structure in a pair of images obtained with different tube voltages, a preferred tube voltage is indicated. An alternative measure of image quality is to assess the quality of the image data itself by modeling the imaging system and computing the SNR of the specified structures corresponding to the image criteria. In previous studies, 2, 3 we have found a positive correlation between the SNR of particular structures and the assessment of the image criteria.
In Tingberg and Sjöström, 4 chest and pelvis images of anthropomorphic phantoms were assessed by a group of radiologists using visual grading analysis, VGA. They concluded that, for the same effective dose, higher VGA-score ͑VGAS͒ was found using lower tube voltages in both chest posterior-anterior ͑PA͒ and pelvis anterior-posterior ͑AP͒ views. Similar trends were reported by other studies. [5] [6] [7] [8] The aim of this work is to explore if the SNR predicts clinical image quality and to discuss possible advantages and disadvantages of reducing the tube voltage below the value commonly used today.
II. MATERIALS AND METHOD

A. Computer model of chest and pelvis examination
Patient model
The Monte Carlo computer program uses a voxel phantom developed by Zubal et al. 9 to simulate the transport of x-ray photons through the patient. The voxel phantom is segmented into several different organs. Five types of tissues are used in the model, namely soft tissue, bone, bone marrow, lung tissue, and air. The individual voxels are approximately 3 ϫ 3 ϫ 4 mm 3 . The anterior-posterior length is 24 cm across the thorax, corresponding to an average-sized patient. The program computes quantities of two main types: quantities associated with image quality, and with patient absorbed dose.
Imaging system model
A description of the Monte Carlo photon transport code can be found elsewhere. 10, 11 The program computes estimates of the energies imparted per unit area to the image detector by primary and scattered photons passing through the patient-simulating voxel phantom, antiscatter grid, and cassette front. The photon interactions inside the voxel phantom deposit energy to individual organ or tissue types, enabling us to estimate the equivalent organ doses and hence the effective dose.
The main components of the imaging system are included in the simulation, i.e., the x-ray spectrum ͑tube voltage and total filtration͒, patient and patient couch or chest stand, antiscatter grid, cassette front, and image detector. The x-ray spectra were calculated with a computer program written by Birch and Marshall. 12 Data on thickness of the couch top and chest stand were derived from measurements. The manufacturer provided data on the construction of the antiscatter grid.
A computed radiography ͑CR͒ system was simulated with a surface density of the BaFCl-phosphor active layer of 100 mg/ cm 2 .
Dosimetric quantities
The energy imparted per unit area to the image detector was normalized to a fixed value of patient effective dose for each examination: chest 20 Sv and pelvis 150 Sv. The effective dose was computed according to ICRP report 60. 13 Equivalent doses to relevant organs were obtained by dividing the energy imparted to an organ of interest with the mass of that organ. The organ equivalent doses were then multiplied with the appropriate tissue weighting factor and summed to form the effective dose. Table I specifies the imaging system parameters of the two x-ray units used in the experiments. Two anthropomorphic phantoms were imaged to mimic a chest PA and a pelvis AP examination, respectively. 4 Ten different tube voltages were used, including tube voltages lower and higher than those used for a typical patient examination with analog screen-film systems in Sweden. The tube charge was modified in order to achieve the same effective dose for each projection and for all selected tube voltages. This was accomplished by measuring the kerma-area product and using conversion factors between the kerma-area product and effective dose.
B. Imaging system parameters
14 The reference tube voltages, U ref , used for chest posterior-anterior ͑PA͒ and pelvis anterior-posterior ͑AP͒ examinations in the clinic were 125 and 70 kV, respectively. In chest examinations exposure times 1 should not exceed 20 ms. In this work, motion unsharpness is not considered either in the experimental situation or in the Monte Carlo simulations. In practice, using the actual equipment, this requirement would exclude use of tube voltages lower than 102 kV. However, the required exposure time for a given effective dose to the patient will depend on the power of the x-ray tube. 
Clinical image quality
A set of ten images of each view was evaluated by five ͑chest͒ and six ͑pelvis͒ experienced radiologists according to slightly modified, 4,15 CEC image criteria. 1 The soft-copy images were displayed in random order. The radiologists were asked to give a graded response of the quality of the imaged structures mentioned in the criteria. These structures are described in Table II . Two images were presented simultaneously on the display monitor, and the image to the right was assessed as either being clearly inferior ͑VGA= −2͒, inferior ͑−1͒, equal to ͑0͒, superior ͑+1͒, or clearly superior ͑+2͒ to the image to the left. The VGA scores ͑VGAS͒ were averaged over all imaged structures and all radiologists to form an average VGAS for each tube voltage. The average values of the VGAS derived as described above 4 are given in Fig. 1 . This figure shows that the VGAS decreases with increasing tube voltage at a rate that is larger for the pelvis examination.
Physical image quality
Physical image quality was computed for a set of structures included in the voxel phantom at specified locations according to Fig. 2 . Table III gives the estimated detail sizes and compositions used in the calculations. The structures and their positions were chosen to correspond to the specifications in Table II .
The ideal observer signal-to-noise ratio, SNR, 17 was used as the measure of physical image quality. The computer program calculates SNR for a detail with the area of a pixel, here called the SNR M ,
where N is the mean number of photons incident on each pixel. The indices p and s represent contributions from primary and scattered photons, respectively. The index n = 1 refers to a pixel behind the structure, and n = 2 refers to the same pixel with the structure absent. The quantities Ј and Ј 2 are the mean and mean squared values of the energy imparted per incident photon for the specific pixel. From the SNR M it is possible to get the SNR for a given structure as
where A is the projection area of the structure and a pix is the pixel area. For each contrasting detail, q, in Table III , the SNR q relative to its value at the reference tube voltage, SNR q ͑U ref ͒, was computed ͓SNR q ͑U͒ / SNR q ͑U ref ͔͒. These ratios were then averaged for all the structures and a figure of merit ͑FOM͒ was computed as given in Eq. ͑3͒. Here, unity was subtracted from the average value in order to obtain the value zero for the reference tube voltage and allow negative values when the image quality is inferior to that of the reference system ͑corresponding to the ordinate scale of the VGA grade response͒, Figure 3 shows the SNR of the selected structures as a function of tube voltage for the chest PA and pelvis AP examinations. The SNR for fixed effective dose decreases with increasing tube voltage for both chest PA and pelvis AP views and for all structures. The rate of descent is more rapid for the pelvis examination. Figure 4 shows the average relative change in SNR ͑FOM͒ with increasing tube voltage. In the chest PA, the FOM is 37% higher at 70 kV and 12% lower at 150 kV compared to the reference tube voltage at 125 kV. The corresponding values of FOM for the pelvis AP examination are 37% higher ͑50 kV͒ and 44% lower ͑102 kV͒ compared to 70 kV. Figure 5 shows the relation between clinical image quality measured using visual grading analysis score ͑VGAS͒ and the physical measure of image quality, quantified by the relative change in SNR and FOM. There is a positive linear relationship between the two measures of image quality, indicating that the SNR is related to the radiologists' grading of the image criteria.
III. RESULTS
IV. DISCUSSION
The results indicate that the optimal tube voltage in chest PA and pelvis AP examinations with CR ͑computed radiography͒ image detectors are lower than the tube voltages typically used with analog, screen-film systems ͑125 kV for Table III as a function of tube voltage for ͑a͒ chest PA and ͑b͒ pelvis AP. The effective dose is the same for all tube voltages for each projection. Legends: Structure 1: ࡗ-ࡗ, structure 2: ---, structure 3: ᭝-᭝, structure 4: ϫ-ϫ, structure 5: +--+ and structure 6: ‫.ؠ-ؠ‬ NB: Only five structures were used for pelvis.
chest and 70 kV for pelvis͒. This is concluded since both VGAS in Tingberg and Sjöström 4 and the SNR found in the present study increase with decreasing tube voltage when the same effective doses are used for all tube voltages.
A number of reasons for using lower tube voltages with digital detectors compared to screen-film systems can be identified. 4 ͑1͒ The image detector has a higher absorption efficiency of x-ray photons at low photon energies, with the exception of element-specific K-edges. The detective quantum efficiency ͑DQE͒ typically increases with decreasing tube voltage since the quantum absorption efficiency of the active detector material increases with decreasing photon energy. Also, the K-edge of barium in BaFCl ͑used in CR systems͒ is at 37 keV, which is lower than the corresponding value for gadolinium in Gd 2 O 2 S ͑often used in screen-film systems͒ at 50 keV. The lower K-edge value results in superior absorption of the low-energy x-ray photons present at lower tube voltages in the chest PA examination. ͑2͒ The object contrast, and hence also the signal in the signal-tonoise ratio expression, decreases with increasing tube voltage. ͑3͒ The contribution to the effective dose per entrance air kerma or kerma-area product increases with increasing photon energy. Lower tube voltages therefore result in lower effective doses if the entrance air kerma at the patient is the same. In this study we have kept the effective dose constant, which gives relatively high skin doses at high tube voltages. For the pelvis examination at 50 kV the entrance air kerma is 3.4 mGy, and for the chest examination the corresponding value at 70 kV is 150 Gy, well below the threshold for deterministic effects.
There are also a number of arguments for keeping the tube voltages at the same comparably high values as used with screen-film radiography. The arguments are ͑1͒ The object contrast of soft tissues ͑vessels, metastasis͒ in the lung relative to that of bony structures ͑ribs, thoracic spine͒ will be higher using higher tube voltages. 18, 19 Hence, the appearance of anatomical background structures such as the ribs will be enhanced if the tube voltage is reduced, which may impede the radiologist to detect pathological lesions of interest. ͑2͒ The tube charge ͑and exposure time͒ will be larger when low tube voltages are used due to the reduced radiation yield and higher attenuation in the patient compared to using higher tube voltages. This may be an issue if the increased exposure time results in severe motion unsharpness. Also, the geometrical ͑focal spot͒ unsharpness may deteriorate since the focal spot size typically increases ͑focus blooming͒ with decreasing tube voltage and increasing tube charge. ͑3͒ The settings of the automatic exposure control ͑AEC͒ ion chambers, which terminate the exposure when a predefined air kerma has been achieved, may need to be revised. Ideally they should terminate the exposure when the desired noise level ͑for example, SNR per pixel͒ is achieved and not at a value corresponding to a set target air kerma, in the past used to obtain an optimal optical density on the film. ͑4͒ The quantity R defined as the difference in the energy imparted to the detector per unit area beside and just behind the contrasting detail ͑signal difference or object contrast͒ divided by the difference between the maximum ͑95% percentile͒ and minimum ͑5% percentile͒ energy imparted to the detector per unit area in the whole image ͑image dynamic range͒, is approximately constant or increases slowly with increasing tube voltage in chest PA imaging. 19 If the dynamic range recorded in the image is properly mapped onto the dynamic range of the image display, an increased value of R should imply improved visibility of the detail, and it therefore follows that higher tube voltages are preferable.
By reducing the tube voltage one may not comply with recommendations by Swedish 20 and international 1 bodies on what tube voltage to use for these examinations. The Swedish recommendations 20 suggest use of 120-150 kV for chest and 70-80 kV for pelvis examinations. Corresponding recommendations 1 are 125 kV ͑chest PA͒ and 75-90 kV ͑pelvis AP͒. This should not impose any real problem provided the diagnostic standard dose is below the diagnostic reference level. Diagnostic standard dose has the meaning of a radiation dose for a certain type of examination, confirmed by the license holder and determined in the same way as applicable for the corresponding diagnostic reference level. Diagnostic reference level has the meaning of a dose level established by the Swedish Radiation Protection Authority for a certain type of examination, which, if exceeded, shall lead to an action.
Questions about the validity of using VGAS and the CEC image criteria as a measure of clinical image quality and of using the quantum-noise SNR as a measure of physical image quality were raised recently. 21, 22 Tingberg et al. 21 found no correlation between the results of a VGA study and an FFE study ͑free-response forced error; 23 ROC-type of study͒ aiming at detection of pathological lesions in a lumbar spine examination. Different dose levels at the detector were simulated by changing the image noise. Håkansson et al. 22 found that the threshold contrast for detecting a 10 mm large simulated lesion ͑projected area͒ in different regions in the chest image had no correlation to the expected contrast and scatterto-primary ratio in that region. In fact, the hilar region with the highest expected SNR of the relevant structures 19 required the largest threshold contrast, 22 indicating that the observers found it more difficult to detect the simulated lesion in this region. This implies that detection of lesions may not be limited by quantum noise but by the anatomical background structures, i.e., the patient. The implications of this are at the moment not known in full, but can be investigated further by, for example, including measures of anatomical noise 24 and anatomical background 25 in the model of the signal-to-noise ratio expression.
In skeleton radiography, the projections are typically obtained so that the structures of interest are displayed in a way to minimize the interference of other anatomical structures. Thus, we expect that the interference of anatomical background on the structures of interest is less problematic than in chest radiography.
V. CONCLUSIONS
Results by Tingberg and Sjöström 4 and results from this study indicate that, with modern digital imaging systems, it would be favorable to use lower tube voltages than traditionally used with screen-film radiography. Image quality as measured by VGA analysis and using the CEC image criteria clearly showed that image quality increases with decreasing tube voltage while maintaining the effective dose. In this work, it has been demonstrated that, using an anthropomorphic phantom and a computer model of the imaging system, physical measures of image quality can be derived that correlate with the clinical VGAS image quality descriptor.
However, the significance of a clinical image quality descriptor based on VGA analysis applied to the CEC image criteria as based on structures in the normal anatomy may be questioned in the light of recent research on the detectability of pathological lesions in clinical chest 22 and lumbar spine images. 21 While VGA analysis and the CEC image criteria and SNR will give an overall evaluation of the characteristics of a good ͑preferred͒ image, the detection of pathological lesions may to a large degree depend on other features in the image such as anatomical background structures. 
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